Introduction
Accurate measurements of precipitation are essential in our efforts to understand the connection between atmospheric dynamics and storm microphysics. Traditionally, the most identifiable precipitation measurements from scanning weather radar systems are estimates of the rainfall rate and surface rainfall accumulation. Retrievals of these quantities are undeniably challenging as a consequence of scattering (dependency on the sixth power of the raindrop diameter), radar measurement geometry and several known microphysical limitations (e.g, Sanchez-Diezma et al. 2000; Ryzhkov 2007; Doviak and Zrnic 1993, Sec. 8.4) . For a number of applications (e.g., climatology, hydrology), modest instantaneous retrieval errors are acceptable if no long-term bias is introduced.
However, detailed process-oriented microphysical studies as well as appropriate characterization of scanning radar measurements (e.g., uncertainty in radar estimates of precipitation) necessitates accurate, high-resolution (space/time) and simultaneous measurements of raindrop size distributions (DSD), vertical air motions, turbulence and environmental parameters.
In a vertically pointing mode, radars provide high-resolution measurements of the vertical structure of precipitation and the recorded Doppler spectra from these systems offers the distribution of the radar return power as a function of the observed Doppler velocity. Several methods have been proposed for the inversion between a recorded Doppler spectrum and the retrieval of a DSD (or cloud drop distributions, e.g., Battan 1964; Atlas et al. 1973; Gossard et al. 1997; Babb et al. 2000; Kollias et al. 2001 Kollias et al. , 2002 .
However, uncertainties in the inversion introduced by the contributions of the vertical air motion to the observed Doppler velocity and Doppler spectra smearing effects as a consequence of turbulence and averaging limit the accuracy of these methods (e.g., Atlas et al. 1973) .
Recent studies and the launch of CloudSat that carries the first 94-GHz (λ = 3.2 mm, W-band) radar in space have demonstrated the potential value of traditional 'cloud' radar systems in precipitation (e.g., Stephens et al. 2002; Kollias et al. 2002 Kollias et al. , 2007a Matrosov 2005; Haynes et al. 2009; Ellis et al. 2009 ). Despite fundamental limitations of radar measurements at shorter wavelengths (notably, attenuation in rain), high-resolution cloud radars operating at 94-GHz can help to overcome the deadlock introduced by radar Doppler spectra-based inversion methods for retrieval of the DSD due to the effects of the vertical air motion. Following a technique first introduced by Lhermitte (1988) , it is possible to estimate the Doppler shift in response to the vertical air motion and relate the 'quiet air' Doppler velocities in the spectrum to hydrometeor fall velocities. The retrieval technique (briefly described here) capitalizes on the W-band backscattering cross-section as a function of raindrop diameter that oscillates due to non-Rayleigh resonance effects (Mie 1908) . The oscillations occur within typical raindrop sizes and, under precipitating conditions, are reflected as patterns of maxima and minima in the observed Doppler spectrum. Since raindrop sizes can be reliably mapped to the associated locations of maxima and minima in the observed Doppler spectrum, accurate retrievals of vertical motion are possible. Previous study has suggested there is no rainfall rate threshold for application of this technique, rather a minimum raindrop size threshold (e.g., Kollias et al. 2002) . Although severe attenuation in rain eventually limits the usefulness of W-band radar (e.g., extinction of the signal), velocity retrievals are not immediately tied to the magnitude (spectral density) of the received signal and therefore viable provided relative minima and maxima are observed.
Well-matched observations of the vertical air motions, raindrop sizes and their fall speeds in two dimensions (time and height) are rare. To date, this resonance-based technique has met with limited application in studies of shallow warm rain (Kollias et al. 1999; , convective (Kollias et al. 2003 ) and stratiform rain (Firda et al. 1999; Kollias et al. 2002) , often in the context of air motion retrievals and simulation-based efforts. In addition to air motion retrievals, this study capitalizes on the accuracy of velocity retrievals for simultaneous retrieval of bulk slope parameter Λ (cm 
a. Retrieval of Precipitation Parameters at W-band
For a vertically pointing radar system, the spectral density of a given velocity bin is described as A combination of characteristics from observed Doppler spectra is useful to retrieve DSD parameters in precipitation. Slope and shape parameter retrievals from a functional form DSD through inversions of (1) have been suggested at W-band (e.g., Firda et al. 1999; Kollias et al. 2002) . Previous work has been on the results of simulations, with less attention to extended surface validation and automated methods noting constraints in data volume and processing. Nevertheless, it is well-understood that Doppler spectra defined by (1) and associated resonance features also respond to bulk changes of N(D). Relative differences in the magnitudes of spectral features are tied to the DSD.
That is, as a distribution tends toward higher concentrations of smaller droplets, the relative magnitudes and locations of the spectral features will shift. This link is illuminated using an exponential DSD (e.g., Marshall and Palmer 1948) of the form
where Λ is the slope of the DSD and N 0 is the intercept as before. The inset to Fig. 1 contains spectral density curves for a typical range of Λ values. We note the location of the first resonance minimum in the Doppler spectra (D M , v ~ 5.8 m s -1 ) is well-behaved and does not respond to large-scale changes in Λ (to within 5 cm s -1 for exponential-type DSD function). This property of the minimum for exponential-type DSDs helps explain a general usefulness of this feature for accurate velocity retrievals. As expected, the magnitude and locations of the spectral peaks are shown sensitive to bulk slope changes.
b. Automated Retrievals of Precipitation Parameters Using Non-Rayleigh Techniques i. Spectral Preprocessing and non-Rayleigh Feature Identification
WACR Doppler spectra undergo a spectral averaging of the 80 individual spectra collected over a 2 second window. Preprocessing is required to obtain smooth spectra for better identification of bulk spectral features including the primary minimum. For the Nyquist velocity of the WACR, basic velocity dealiasing is required for typical light/moderate precipitation observations. This is accomplished by shifting spectra such that the left edges of the principle peaks are spaced from the left edges of the FFT arrays by a small predetermined offset. We have selected 30 bins (~1.8 ms -1 ) as an initial offset.
Here, it is noted that the velocity of the principle peak left edge is also viable to determine a cursory starting estimate for the vertical air velocity and applicable for basic self-consistency purposes (assumes small droplets have negligible fall speeds).
After initial processing, a check of the spectral suitability for the techniques is performed. Specifically, resonance-based techniques necessitate the availability of drop sizes sufficiently larger than the diameter of the first non-Rayleigh minimum within the radar resolution volume so as to allow a 'relative' minimum in the Doppler spectrum. In simple terms, one should expect the first resonance valley to be located to the right of the principle peak left edge V L , by the terminal fall velocity V T associated with that resonance drop size. Here, the simplest approach is a width-based screening that rejects all spectra with a principle peak width narrower from the left to right edge than the predicted terminal fall velocity.
Following this basic suitability screening, a second order Gaussian Continuous
Wavelet Transform of scale 8 is applied to all remaining spectra (as shown for an example in Fig. 2 , dashed line).Th is serves as a bandpass filter suitably matched to the first minima. The Continuous Wavelet Transform (CWT) has been extensively investigated as a tool for robust detection of relevant transient features, such as peaks and edges, within complicated, noisy signals (e.g., Mallat and Hwang, 1992; Vetterli and Herley, 1992) . This method was selected since noisiness and the presence of additional, minor peaks and valleys in the observed spectra could be confusing to other forms of automated detection.
The number of local minima found in the CWT output is counted. The principle peak left and right edge each produce one CWT output minimum of their own (as in Fig   2) . Thus, when only two local minima are found, no 'resonance' valleys have been designated within the spectrum and no further processing is performed. If three or more local minima are found in the CWT output (as is the case in Fig. 5 ), the leftmost and rightmost minima are removed from further consideration, as they are presumed to belong to the principle peak left and right edges. On the remaining CWT output local minima, a test is performed to determine the minima that fall within a predetermined velocity acceptance window. In one implementation of the algorithm, the center position of this velocity acceptance window is offset from the principle peak left edge by an expected terminal fall velocity, V C = V L + V T . The width of this window sets a tolerance range within which the actual air velocity offset may be found. We have used a conservative +/-70 bins value (or roughly +/-4.0 m s -1 ) with success to mitigate large, instantaneous errors (> 1 m/s). The velocity acceptance window is adaptable, however wider windows (e.g., allowing minima to be detected at values smaller than 4 m s -1 ) will increase the probability of incorrect feature detection, particularly when the liquid assumption is no longer valid. For example, melting snow mixed with liquid precipitation within the melting layer will often exhibit secondary peak/valleys of prominence at slower spectral fall velocities and techniques are generally not as straightforward or recommended well within a mixed-phase layer.
For all local CWT minima within the acceptance window, the lowest (i.e., strongest) is identified and the position is an estimate of the first resonance valley. This estimate can still deviate by several velocity bins from the position of the corresponding local minimum in the original Doppler spectrum. A further refinement is attempted by searching the original spectrum for a lower spectral density value within a small neighborhood (e.g., +/-3 bins) surrounding the CWT valley velocity estimate (e.g., following Lhermitte 2002). Note, it is possible that a spectrum contains no relative minima to the right edge of the spectrum. In these situations, retrievals are not attempted.
ii. Spectral Alignment (Shifting) and Additional Considerations
Mean air velocity and DSD parameter retrievals necessitate proper spectral alignment according to an accurate droplet size -fall velocity relationship. Following Lhermitte (1988) , the terminal fall speed relation for raindrops assumes an exponential fit to Gunn and Kinzer (1949) 
where D is in [cm] and V in [ms -1 ]. The stated accuracy of (3) is to within 3 cm s -1 of the GK observations between 0.5 and 6 mm.
The reference diameter of the first minimum in the radar backscattering crosssection at W-band is D ~ 1.65 mm and translates to a fall velocity from (3) of ~5.8 ms -1 .
Since the GK measurements are valid for a particular set of still air surface conditions, adjustments for changes in air density are required. A correction following Foote and duToit (1969) is applied of the form
where ρ is the air density at altitude (z) and surface (o) levels. Here, the coefficient n in 
c. Applicability and Error Characterization of WACR Automated Techniques
It is important to consider system-based limitations and shortcomings of the automated retrievals for proper comparisons with surface instruments and modeling/precipitation efforts. For the SGP WACR retrieval dataset (Table 1) , nearly all (>95%) Doppler spectra collected to 1 km AGL associated with a non-zero surface rainfall rate were suitable for retrievals, indicating the presence of suitable-sized drops for resonance signatures within precipitation sampling volumes. The opportunity to perform retrievals to a typical base of the melting layer (~2.5 km) was high, often with at least 70% of a column from the surface to the base of the melting layer containing viable spectra (>90% for 1 mm hr -1 < rainfall rate < 10 mm hr -1 and ~70% for higher surface rainfall rates where attenuation in rain limits retrievals with height). The bulk of the retrieval hours (~94% of 35,000+ instantaneous retrievals at the lowest gate) were performed for surface rainfall rates < 10 mm hr -1 .
Retrievals of vertical air motions capitalizing on resonance features have been previously reported accurate to within 10 cm s -1 and shown insensitive to a wide range of turbulence intensity parameterizations (e.g., Firda et al. 1999; Kollias et al. 2002; Lhermitte 2002) . Accuracy claims are based on the testing of simulated spectra over an extensive range of input DSD parameters and parameterizations for noise and Gaussianform subvolume turbulence. Of interest is a weak relationship between the location of the first resonance minimum and the bulk slope of the DSD (as in Fig. 1 , to within 5 cm s -1
for an exponential form with 0 < Λ < 65 cm -1 ). Specific to the WACR, a constraint is imposed by the resolution of the Doppler spectrum (Δv ~ 6 cm s -1 ), which is coarser than the reported accuracy under most simulated conditions. Testing of the CWT method revealed detected minima typically to within a single misplacement of a velocity bin (Δv ~ 10 cm s -1 ). A pronounced presence/absence of particular drop sizes in response to isolated-intense drop sorting (e.g., along strong updraft/downdraft interface) or melting particles could also obscure prominent spectral features. Efforts to ensure the consistency of CWT minima with corresponding spectral features (left edge offset check, spacing relative to predicted peak locations) mitigate gross errors, however limited instantaneous misplacements on the order of a few spectral bins are unavoidable.
Beyond these considerations, the accuracy of velocity retrievals is mapped to an assumed fall speed relation and corrections at altitude. GK measurements do not describe precipitating conditions and limited references exist for fall speeds at altitude (e.g., Lhermitte 2002). From (3) and (4), modest air density variability within precipitation can impact retrieval accuracy through the estimates of fall speed velocities to the same order as the stated retrieval accuracy (~10 cm s -1 ). The combined uncertainty in placement and fall speed mapping may argue for a more conservative stance on velocity retrieval accuracy in operational settings than previously reported, perhaps to within 10-20 cm s -1 .
Slope parameter retrieval accuracy is challenging as this is coupled with velocity retrievals and methods for 'fitting' an assumed DSD form (system/retrieval noise).
Previous simulation studies using traditional exponential and gamma forms report an accuracy of W-band inversion methods typically to within 3 cm -1 of simulated inputs provided spectral noisiness and turbulence do not obscure prominent spectral features (e.g., Kollias et al. 2002) . Inversion techniques following (1) also imply sampling errors within small and large drop regimes as computational limitations, for example as in the consequence of a rapidly increasing dD/dV term at larger sizes.
To offer a different perspective on retrieval errors, this study explores the automated retrieval performance through comparisons with collocated surface disdrometer observations performing a similar parameter fit. Here, we perform an exponential slope parameter fit using nontruncated estimates of the 3 rd and 6 th moments 
Automated Retrieval Observations from May/June 2007
As listed in Table 1 , the events from May and early June 2007 were selected to assess automated retrieval performance covering a total of 14 cases and 85 hours of measurable precipitation recorded by the WACR system. Many events featured extended observations in isolated convective systems, as well as classical MCS squall-line convective storms followed by extended trailing stratiform regions. As a consequence of severe attenuation in rain, WACR retrievals through the strongest precipitation cores are often limited to within 1.5 km AGL. As described in the previous section, the bulk of the retrieval hours are associated with lower surface rainfall rates and stratiform regions trailing strong convective lines. Cumulative statistics for these events are offered, as well as a case-study from the May 1 st 2007 event for a detailed look at the automated retrieval fields.
a. Cumulative Automated Retrievals, Velocity
For each W-band range-gate, instantaneous retrievals are conducted without any information from surrounding gates (independent) and exhibit high spatial correlations in time-height with adjacent retrievals (~0.8). Instantaneous vertical velocity measurements (convention is positive -downward) predominantly range from ±3.0 ms -1 , within kinematic definitions of bulk stratiform precipitation found in the literature (e.g., Yuter
and House 1995ab). Approximately 5% of the instantaneous velocity retrievals for the events exhibited magnitudes greater than 1 ms -1 . Fig. 3 (top) shows a cumulative two dimensional histogram (height and velocity CFAD, e.g., Yuter and Houze 1995ab) for velocity retrievals with rainfall rate > 1 mm hr -1 and radiosonde fractions greater than 50% (indicative that ingest sounding data reasonably-matched in time with the observations). The bulk of retrievals in Fig. 3 (top) are obtained in lower rainfall rates, exhibiting a downward net air motion profile beneath the melting layer (downward offset ~ 0.04 ms -1 ). The bulk of observations are between ±0.3 ms -1 with a standard deviation of 0.24 ms -1 . As the quality of velocity retrievals are potentially linked to factors including regime (concatenation of convective and stratiform events) and sounding viability, we have isolated retrievals for only lower rainfall rates < 2 mm hr -1 and at the times of highest radiosonde fraction (>90%) to approximate well-observed, light widespread precipitation conditions (Fig. 3, bottom) . For this subset, the CFAD reveals similar net downward motion and overall standard deviation as before (0.05 ms -1 and 0.3 ms -1 , respectively).
b. Cumulative Radar -Disdrometer Slope Parameter Comparisons
Slope retrievals for the lowest available range gate from the W-band radar (300 m AGL) are compared with measurements from the collocated surface disdrometer (Fig. 4) .
For the scatterplot in Fig. 4 (Fig. 6 ). These observations provide an indication for the consistency of these independent instantaneous retrievals from one gate to the next, but also the variability (sorting effects) of the DSD slope parameter with height.
c. Example Observations of a 1 May 2007 Storm
During the early overnight hours through mid-afternoon of May 1 st 2007, an upper level low pressure system tracked from west Texas through the state of Oklahoma.
Favorable thermodynamic conditions in the region contributed to widespread cloud cover and precipitation development over the ARM central facility in Lamont. Initial precipitation was in the form of light, stratiform rain (rain rate ~ 1-3 mm hr -1 ) developing in advance of the center of low pressure or surface boundary. Moderate precipitation rates (rain rates > 10 mm hr -1 ) were recorded as the center of the low approached the field site.
The strongest precipitation band to pass over the field site is associated with a weak segment of a developing convective line.
Time-height plots of the equivalent radar reflectivity factor Ze for the May 1 S-band reflectivity measurements as from KVNX are well-associated with the changes in precipitation-sized particles and precipitation intensity (e.g., Doviak and Zrnic 1993) .
Although attenuation in rain is negligible at S-band, fine-scale insight from KVNX in its current operational mode is limited by the coarse resolution volume (~ 1 km 3 at 50 km), beam broadening, SNR thresholds and the effect of Earth curvature. Nevertheless, these measurements provide context for several situations for which cloud radar systems are heavily attenuated in rain and therefore unavailable to higher altitudes.
The precipitation as viewed by surveillance radar matches several classic 'stratiform' characteristics from the literature (e.g., Steiner et al. 1995) . A 'bright band' signature is observed around 3.3 km throughout most of the event, in agreement with freezing level heights recorded by radiosondes regularly launched at the ARM facility.
The bright band enhancement is observed at S-band and an isolated enhancement is also visible for this event in MMCR Ka-band measurements that are sensitive to select precipitation-sized melting particles. Although a pronounced enhancement is not apparent in WACR measurements, Doppler spectra multi-modality features infer some presence of melting snowflakes down to heights of 2.5-2.8 km (e.g., bottom of the melting layer, not shown). KVNX Ze measurements at low levels are in agreement with field site observations of light/moderate rainfall rates between 1 to 5 mm hr -1 . A weak convective line (Ze ~ 45 dBZ) forms over the site after 1800 UTC and surface observations indicate a shift to moderate/heavy rainfall rates of 10-30 mm hr -1 . The increase in the precipitation intensity may also be inferred from cloud radar Ze measurements that exhibit severe bias due to attenuation in rain and are unavailable above 2 km during the most intense convective cells. 
Discussion and Conclusions
Th is study demonstrates the applicability of an automated, 94-GHz radar Doppler spectra-based technique for the retrieval of precipitation parameters in low to moderate rainfall rates (1 -30 mm hr -1 ). In a vertically pointing mode, the techniques is performed for range gates where the radar signal in not fully attenuated in rain and requires the Results for the month-long application indicate viable retrievals in the Oklahoma warm season for a wide range of rainfall rates (e.g., Kollias et al. 2002) Within this study, it was suggested that poorly-matched environmental soundings carry the potential to introduce significant retrieval bias. An advantage of the ARM climate research facility for W-band retrievals is in an availability of sounding launches and merged model-sounding products at high temporal resolution that lessens these sorts of biases. CFAD segregation revealed only subtle differences in cumulative statistics for retrievals that included possibly lesser-matched ARM merged sounding products. In conjunction with the techniques presented in this study, reflectivity factor from an unattenuated wavelength can be exploited for the retrieval of the intercept parameter N 0 for the assumed DSD. The intercept is estimated by inverting the Rayleigh reflectivity factor formula
where Λ has been obtained for an exponential DSD using W-band retrieval methods. For this study, the operational S-band KVNX system was unaffected by attenuation, but the resolution volume was considered too coarse for an optimal demonstration. 
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